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In this talk we propose a natural double inflation model in supergravity. 
Chaotic inflation first takes place by virtue of the Nambu-Goldstone-like shift 
symmetry. During chaotic inflation, an initial value of second inflation (new 
inflation) is set, which is adequately far from the local maximum of the po- 
tential due to the small linear term in the Kahler potential. Then, primordial 
fluctuations within the present horizon scale may be produced during both 
inflations. Primordial fluctuations responsible for anisotropics of the cosmic 
microwave background radiation and the large scale structure are produced 
during chaotic inflation, while fluctuations on smaller scales are produced dur- 
ing new inflation. Because of the peculiar nature of new inflation, they can 
become as large as 10 _1 -10~ 2 , which may lead to the formation of primordial 
black holes. 
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1 Introduction 



Primordial black holes (PBHs) are very interesting. Because massive compact halo ob- 
jects (MACHOs) are observed through gravitational microlensing effects IJ, which are a 
possible candidate of dark matter. Furthermore, PBHs evaporating now may be a source 
of antiproton flux observed by the BESS experiment 0] or responsible for short gamma 
ray bursts (GRBs) |§. PBHs may be realized in the context of double inflation. Though 
many double inflations have been considered, they are often discussed in a simple toy 
model with two massive scalar fields. In this talk, we propose a natural double inflation 
model in SUGRA, where chaotic inflation takes place first of all, during which an initial 
value of new inflation is dynamically set due to the supergravity effects. It can be ade- 
quately far from the local maximum of the potential due to the small linear term of the 
inflaton in the Kahler potential. Therefore primordial density fluctuations responsible 
for the observable universe can be attributed to both inflations, that is, chaotic inflation 
produces primordial fluctuations on large cosmological scales and new inflation on smaller 
scales.^ The energy scale of new inflation becomes of the same order as the initial value 
of new inflation so that produced density fluctuations may become as large as the order 
of unity due to the peculiar nature of new inflation, which straightforwardly may lead to 
PBHs formation. 



2 Model and dynamics 
2.1 Model 

In this section we propose a double inflation model in supergravity @]. We introduce an 
inflaton chiral superfield Q(x, 9) and assume that the model, especially, Kahler potential 
K($>, $*,...) is a function of $ + $*, which enables the imaginary part of the scalar 
component of the superfield $ to take a value larger than the gravitational scale, and 
leads to chaotic inflation. Such a functional dependence of K can be attributed to the 
Nambu-Goldstone-like symmetry introduced in Ref. H]. We also introduce a spurion 
superfield H describing the breaking of the shift symmetry and extend the shift symmetry 
as follows, 

$ -> $ + % CM G , 
( $ 

= ~* \$ + iCM G ) ^ 

where C is a dimensionless real constant. Below, the reduced Planck scale Mq is set to be 
unity. Under this shift symmetry, the combination H$ 2 is invariant. Inserting the vacuum 

*In Ref. U the initial value of new inflation is so close to the local maximum of the potential for 
new inflation that the universe enters a self-regenerating stage [0, ^|. Therefore primordial fluctuations 
responsible for the observable universe are produced only during new inflation. 
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value into the spurion field, (H) = A, softly breaks the above shift symmetry. Here, the 
parameter A is fixed with a value much smaller than unity representing the magnitude of 
breaking of the shift symmetry ([!]). 

We further assume that in addition to the shift symmetry, the superpotential is invari- 
ant under the U(l)# symmetry because it prohibits a constant term in the superpotential. 
The above Kahler potential is invariant only if the -R-charge of $ is zero. Then, we are 
compelled to introduce another supermultiplet X(x, 6) with its -R-charge equal to two, 
which allows the linear term X in the superpotential. As shown later, for successful in- 
flation, the absolute magnitude of the coefficient of the linear term X must be at most 
of the order of |A|, which is much smaller than unity. Therefore in order to suppress the 
linear term of X in the superpotential, we introduce the Z 2 symmetry and a spurion field 
IT with odd charge under the Z 2 symmetry and zero -R-charge. The vacuum value (II) = v 
softly breaks the Z 2 symmetry and suppress the linear term of X. Charges for superfields 
are shown in table I. 

After inserting vacuum values of spurion fields H and II, and neglecting higher order 
terms, the superpotential is given by 



with g = X/v. Here we set both constants v and A (g) to be real for simplicity. 

The Kahler potential neglecting a constant term and higher order terms is given by 



Here v 2 ~ v is a real constant representing the breaking effect of the Z 2 symmetry. 
Here and hereafter, we use the same characters for scalar with those for corresponding 
supermultiplets. 

2.2 Dynamics 

Decomposing the scalar field $ into real and imaginary components 



W 



vX - AA$ 2 
vX(l-g<$> 2 ) 



(2) 
(3) 




(4) 



the Lagrangian density L((p, x, X) is given by 



(5) 



L{<p, X , X) = -d^d"? + -d^X + d,Xd»X* - V(<p, x, X) 



(6) 



with the potential V(<p,x,X) given by 
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X 



i-^ 2 -x 2 ) + ^Vn 2 ) 2 



\x\ 2 + \x\ 



+ \x\ 



2^V + X 2 ) 

-(v 2 + V2<p) {V2 gtp [ 2 - g{ V 2 - X 2 ) } - 2^2 g 2 VX 2 } 

+(v 2 + V2vf {1 - g( v 2 -x 2 ) + \ g 2 (v 2 + x 2 ) 2 



(7) 



Because of the exponential factor, <p and X rapidly goes down to 0(1). On the other 
hand, x can take a value much larger than unity without costing exponentially large 
potential energy Then the scalar potential is approximated as 

\^X 2 (^ + 2x 2 \X\ 2 ) (8) 



with A = gv. Thus the term proportional to x 4 becomes dominant and chaotic inflation 
can take place. Then, using the slow-roll approximation, the e-fold number N during 
chaotic inflation is given by 



N 



X 



N 



The effective mass squared of ip, m^, during chaotic inflation becomes 

A 2 „ 



a 2 q 

2 A 4 r tt2 ^ v tt2 

m v - yX ^ §H » -H , 



H 2 - 
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X 



(9) 



(10) 



where H is the hubble parameter at that time. Therefore <p oscillates rapidly around the 
minimum i p m in so that its amplitude damps in proportion to a~ 3 / 2 with a being the scale 
factor. Here, the potential minimum for <p, ip m in, during chaotic inflation is given by 

frnin ^ -V2/V2. (11) 

Thus the initial value of the inflaton p> of second inflation (new inflation) is set dynamically 
during chaotic inflation. 

On the other hand, the mass squared of X, m 2 Xl is dominated by 

2AY ^ 2 4h 2 , (12) 



m 2 x ^ 



X 



which is much smaller than the hubble parameter squared until x 2 ~ 24 so that X also 
slow-rolls. However we can easily show that X is much smaller than unity throughout 
the chaotic inflation regime. 

As x becomes smaller and of order of unity, new inflation starts. The potential with 
X ~ is approximated as 

2 



V(tp, x, X ~ 0) ~ v 2 e~ 



x 



, 9 2 



2ex[ T + viJ 



(13) 



The global minima are given by ip 2 = 2/g and x — 0- The mass squared for ip, m 2 reads 



ml > ~-(g-l) + (g+±g*) X *. (14) 



Thus new inflation begins when x — Xcrit given by 



X ^ = ]fjV2- (15) 

Once new inflation begins, x rapidly goes to zero because the effective mass squared 
becomes m 2 x ~ QgH 2 > QH 2 . Then, for x — and X <C 1, the potential is given by 

V(<p, x ^ 0, X « 1) ~ v 2 {l - (g - l)^ 2 + 2( 5 - 1) 2 ^ 2 \X\ 2 + •••}, (16) 

where (p — ip — <p ma x and ip ma x = f2/h/2(<7 — !)]■ Thus if p > 1 (A > i>), new inflation 



takes place and ip rolls down slowly toward the vacuum expectation value 77 = y 2/g. 

Before new inflation starts, ip stays at ^ rain , which is different from ip max . Then, the 
initial value of <p, <p>i for new inflation is given by 

« = -75^1- < 17 > 

On the other hand, the amplitude of quantum fluctuations of ip is estimated as 5ip q ~ 
vj (27Ta/3). Using the fact that g > 1, we find that quantum fluctuations do not dominate 
the dynamics unless v 2 <C v. 

The total e-folding number N new during new inflation is given by 



/V ~ \ In 

new ~ 2{g - 1) 



V2 
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V2 9 



(18) 



Then the total e-folding number N is given by A^ = N+N new . We set A^obe = 60 for sim- 
plicity, when the physical wavenumber of the mode (/ccobe) corresponding to the Cosmic 
Background Explorer (COBE) scale exits the horizon, that is, /ccobe/ (0(^=60)^(^=60)) — 
1. 

In case N new > 60, primordial density fluctuations responsible for the observable uni- 
verse are produced only during new inflation. Otherwise, chaotic inflation produces pri- 
mordial fluctuations on large cosmological scales and new inflation on smaller scales. In 
this paper we consider only the latter case. 

After new inflation, ip oscillates around the global minimum r\ and the universe is 
dominated by a coherent scalar-field oscillation of a = ip — rj. Expanding the exponential 
factor e V2 ^ 2 in e K , 

e V2ip+lp2 = e 11 \l + 2r ] a + ■■■), (19) 
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we find that a has gravitationally suppressed linear interactions with all scalar and spinor 
fields including minimal supersymmetric standard model (MSSM) particles. For example, 
let us consider the Yukawa superpotential W = yiDiHSi in MSSM, where Di and Si are 
doublet (singlet) superfields, if is a Higgs superfield, and yi is a Yukawa coupling constant. 
Then the interaction Lagrangian is given by 

C mt ~ y^aDlSt + ■■■, (20) 

which leads to the decay width T given by 

r~E% 4 « (2i) 



Here m a ~ 2^Jg~Re^ 2 ^ 9R v is the mass of a. Thus the reheating temperature Tr is given 
by 

T R ~ O.l^mf , (22) 



where y = \JJ2iUt- Taking y ~ 1, the reheating temperature Tr is given by 

T R ~ t; 3/2 < A 3/2 . (23) 

As shown later, the upper bound of A is given by A < 1.2 x 10~ 6 . Hence the reheating 
temperature Tr is constrained as 

T R < 1(T 9 ~ 10 9 GeV, (24) 

which is low enough to avoid the overproduction of gravitinos in a wide range of the 
gravitino mass 0. 



3 Density fluctuations and PBHs formation 
3.1 Density fluctuations 

In this section we investigate primordial density fluctuations produced by this double 
inflation model. First of all we consider density fluctuations produced during chaotic 
inflation. As shown in the previous section, there are two effectively massless fields, \ 
and X, during chaotic inflation. However it is easily shown that only x contributes to 
growing adiabatic fluctuations [ffD]. Then, with the fact that X < 1, the amplitude of 
curvature perturbation $^ on the comoving horizon scale at x = is given by the 
standard one- field formula and reads 

^> - (25) 
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where / = 3/5 (2/3) in the matter (radiation) domination. If N new < 60, the comoving 
scale corresponding to the COBE scale exits the horizon during chaotic inflation. Defining 
^cobe as the e-folding number during chaotic inflation, corresponding to the COBE scale, 



the COBE normalization requires $a(-^cobe) — 3 x 10 [ll|. Then the scale A is given 
by 

A — 4.2 x 10- 3 X ~ 3 • (26) 

J^COBE 

The spectral index n s is given by 

n s ~ 1 - ^— — . (27) 

-^COBE 



Since the COBE data shows n s = 1.0±0.2 (TJ, JV CO be > 15, which leads to A < 1.2x 10~ 6 . 

Next let us discuss density fluctuations produced during new inflation. In this case 
also, both (p and X are effectively massless fields. However, as with the case of chaotic 
inflation, it is easily shown that only <p contributes to growing adiabatic fluctuations. 
Then, with the fact that I < 1, the amplitude of curvature perturbation $^ on the 
comoving horizon scale at (p = ip>N is given by 

9 A (N) ~ - f - V — ■ (28) 
2V37t2(5( - l)(p N 

The spectral index n s of the density fluctuations is given by 

n s ~ 1-A(g-1). (29) 

You should also notice that <p ~ v 2 at the beginning of new inflation. Then, since 
v ~ V2, the amplitude of curvature perturbation &a can become as large as the order 
unity, which may lead to PBHs formation. 



3.2 Primordial black holes formation 

PBHs have been paid renewed attention to because they may explain the existence of 
massive compact halo objects (MACHOs) QTJ| and become a part of cold dark matter. 
Furthermore, PBHs are responsible for antiproton fluxes observed by the BESS experi- 
ments or short gamma ray bursts || . 

Carr and Hawking first discussed PBHs formation and showed that in the radiation 
dominated universe, a black hole is formed soon after the perturbed region reenters the 



horizon if the amplitude of density fluctuations S lies in the range 1/3<5<1[12|. Then, 
the mass of produced PBHs Mbh is roughly given by the horizon mass, 



4\/3vr / T 



L BH 



y/p VGeV 



O.O66M — — , (30) 
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where p and T are the total energy density and the temperature of the universe at for- 
mation. The horizon scale at formation is related to the present cosmological scale L 
by 

~ a(T) K h 

~ 6.4 x l(T 8 Mpc (^y) , (31) 

with T ~ 2.7 K the present temperature of the universe. The corresponding comoving 
wave number k = 2n/L is given by 

k ~ 1.0 x 10 s Mpc" 1 (7^) • (32) 

Assuming Gaussian fluctuations, the mass fraction of produced PBHs (f3 = Pbh/p) is 
given by 

= ff(M)exp ("ra))' (33) 

where a(M) is the root mean square of mass variance evaluated at horizon crossing. 

Using the mass fraction (3 at formation, the ratio of the present energy density Pbh{M) 
of PBHs with the mass M and the entropy density is given by 

~ |/?(M)T, (34) 
which yields the normalized energy density, 

T 



n BH h~ 2 ~ 2.1 x 10 8 P (— ) 



5.4 x 10 7 /3 



MY 112 



Me, 



Then, MACHO PBHs with mass ~ 0.1 M Q are produced at the temperature given by 

T ~ 0.81 GeV, (36) 
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which corresponds to 



L ~ 7.9 x 10~ 8 Mpc, 

k ~ 8.1 x 10 7 Mpc" 1 . (37) 



As easily seen from Eq. (|28|), the fluctuations with the largest amplitude are produced 
at the onset of new inflation, which we identify with the formation time of PBHs. The 
spectrum is so steep that the formation of the PBHs with smaller masses is suppressed 
strongly. The present energy density QsHh~ 2 ~ 0.25 is explained if the mass fraction is 
given by 

P ~ 1.5 x 1(T 9 , (38) 

which implies the mass variance a ~ 0.056 under the Gaussian approximation, corre- 
sponding to 

$ A ~ 0.04. (39) 

Taking into account Eqs. (§70, and the COBE normalization (g§), MACHO PBHs 
are produced in this model if we take the parameters given by 

A ~ 1.3 x 10~ 6 , 
v ~ 1.1 x 10~ 6 , 

v 2 ~ 0.93 x 10~ 6 , (40) 

with g = X/v ~ 1.2. 

Note that all parameters are of the same order. Also, the temperatures at formation 
are lower than the reheating temperature so our assumption that PBHs are formed in the 
radiation dominated universe is justified. 



4 Discussion and conclusions 

In this talk, we have proposed a natural double inflation model in SUGRA. By virtue 
of the shift symmetry, chaotic inflation can take place, during which the initial value of 
new inflation is set. The initial value of new inflation is adequately far from the local 
maximum of the potential so that primordial fluctuations within the present horizon scale 
are attributed to both inflations. That is, fluctuations responsible for the anisotropy 
of the CMB and the large scale structure are produced during chaotic inflation, while 
fluctuations on smaller scale are produced during new inflation. Due to the peculiar 
nature of new inflation, fluctuations on smaller scale are as large as of the order of unity, 
which may lead to PBHs formation. As an example, we consider MACHO PBHs. We find 
that if we take reasonable values of parameters, such PBHs are produced in our double 
inflation model. 
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Table 1: The charges of various supermultiplets of U(l)j? x Z 2 - 
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